These results indicate that crucian carp is able to sustain some cell proliferation in anoxia possibly because RNRR2 retains its tyrosyl radical in anoxia, and that the replication machinery is still maintained. We have previously observed that hypoxia triggers a 7.5 fold increase of respiratory surface area in crucian carp. This response was not triggered in anoxia.
Introduction
Mammals, and most other vertebrates, are intolerant to prolonged oxygen depravation (8) . However, there are a few vertebrates and invertebrates that are anoxia tolerant.
Invertebrates like Caenorhabditis elegans, Drosophila melanogaster and Artemia franciscana are able to survive anoxia through suspended animation and arrest of cell division (5, 7, 10, 27) . Further, this response to anoxia is also found in some vertebrates like zebrafish (Danio rerio) embryo and turtles of the genera Trachemys and Chrysemys (6, 28, 36) . Crucian carp can survive anoxia for several months at 4°C (13) . However, crucian carp is, unlike the other species, still active in anoxia (21, 22, 35 ). An active species will have a need for basic maintenance of organs, which is likely to demand maintained cell proliferation, and therefore DNA synthesis.
Functional RNR enzymes are needed for DNA synthesis. They convert ribonucleotides to deoxyribonucleotides through a radical based reaction. The RNR enzymes are divided into 3 main classes based on their utilization of metal cofactors (17) . In vertebrates, RNR consists of 4 subunits ( 2 2 ) where the oxygen dependent radical formation occurs in the two subunits (R2). Previous findings on vertebrate RNR has shown radical half-life, which is essential for catalytic activity, of 30-60 min (4, 24) . This suggests that DNA synthesis will stop in anoxia. Indeed, this has found to be the case in cultured mammalian cells (11, 29, 30) In the crucian carp's habitat in Northern Europe, seasonal severe hypoxia and anoxia are common during winter. The anoxia is the result of stop in photosynthesis combined with thick ice coverage that blocks oxygen diffusion. The crucian carp has evolved behavioral, physiological and molecular adaptations to survive this environment. These include reduced brain activity and locomotion (20, 23) , maintained cardiac activity (35) , increased glycolysis (37) and avoidance of lactate self-pollution through generation and excretion of ethanol as a major glycolytic end-product (15) . Especially the latter is critical since it enables the fish to survive on anaerobic metabolism without suffering from acidosis, for as long as there is glycogen present. Nevertheless, survival is ultimately dependent on the glycogen stores. Hence saving energy, whenever possible, will be important.
We have previously found that crucian carp living in normoxic water have gills lacking protruding lamellae, the primary site of O 2 uptake in fish (34) . Such an unusual trait leads to a very small respiratory surface area. This reduces water and ion fluxes, thereby minimizing the cost of osmoregulation. However, if crucian carp experiences hypoxia, a large increase of the respiratory surface area occurs, enhancing oxygen uptake capabilities (34) . The morphological alteration is due to hypoxia induced apoptosis and cell cycle arrest in a tissue, named interlamellar cell mass (ILCM), which fills the space between the lamellae in normoxia. The crucian carp is then able to cover its energy needs through aerobic metabolism at a lower oxygen tension, allowing it to postpone depletion of precious glycogen.
We have previously found that ILCM in normoxic gills have relatively high rate of cell proliferation (34) . Preliminary investigations have shown that anoxic crucian carp has gills resembling those seen in normoxia. Cell proliferation could thus still be present in anoxia, which, on the other hand, appears unlikely due to the oxygen dependence of RNR.
We have here exposed crucian carp up to 7 days of anoxia, and investigated gill morphology and cell proliferation in gills, intestine and liver by using both BrdU and staining for PCNA. BrdU is a thymidine analogue incorporated into DNA during DNA synthesis revealing cells in the S-phase of cell cycle. PCNA is a DNA sliding clamp for replicative DNA polymerases. Subsequently, we partially cloned and characterized crucian carp RNRR2 to investigate possible differences of crucian carp RNRR2 compared to mammalian RNRR2, and measured its expression with real-time PCR.
Materials and methods

Animals
Crucian carp (Carassius carassius L.; weighing 12.5-31.5 g; all adults) were caught June 2003 in Tjernsrud pond, Oslo community. They were kept in tanks (~100 fish/ 500 l) continuously supplied with aerated and dechlorinated Oslo tap water (10ºC), on a 12:12 h diurnal regime and fed daily with commercial carp food (Tetra Pond, Tetra, Melle, Germany).
Exposures
During anoxia exposures, fish were kept in dark sealed tanks continuously supplied with N 2 -bubbeled dechlorinated Oslo tap water. The oxygen level was monitored with an oxygen electrode (Oxi340i, WTW, Weilheim, Germany). The oxygen level was kept < 0.01 mg O 2 l -1 (=<0.1% of air saturation), which is the electrode's detection limit. Control fish were kept in an identical tank, but supplied with aerated water. The exposure groups, all consisting of 7 fish, were 7 days normoxia, 1 and 7 days of anoxia and 7 days of anoxia followed by 7 days of reoxygenation.
Scanning electron microscopy (SEM)
The SEM was done as previously described (34) . Briefly, for SEM, gills were fixated in 3% glutaraldehyde in 0.1 M Na-cacodylate buffer before dried and AuPd coated. Gills were investigated using a JSM 6400 electron microscope (JEOL, Peabody, USA).
Measurement of mitotically active cells with BrdU
BrdU staining was done as previously described (34) 
Measurement of mitotically active cells by staining for PCNA
PCNA has been used previously with success in other fish studies (19, 26) . The PCNA staining was done as described for BrdU staining except primary antibody, anti PCNA (Sigma), was diluted 1:10 in 0.5% BS.
Counting of cells
Stained (BrdU or PCNA) and unstained cells in gills where counted as previously described (34) . In intestine, the number of stained and unstained cells in the lower ¾ of the crypts where counted. PCNA is present in most phases of cell cycle (G 1 , S, G 2 or the Mphase), but is not present in the G 0 -phase. We therefore used lack of PCNA staining to quantify number of G 0 -cells in gills and intestine. However, in liver, the low number of PCNA positive cells made us chose to present data for this tissue as PCNA positive cells.
Partially cloning and characterization of the oxygen dependent subunit of RNR (RNRR2)
RNA was extracted from normoxic crucian carp gills using TRIzol ® reagent (Invitrogen, Carlsbad, CA, USA), before reverse transcription was performed with poly-dT primers and
We did an alignment between known RNRR2 gene sequences in the vertebrate lineage to find conserved regions using ClustalX v.1.81 (40) and Genedoc v. 2.6.002
(http://www.psc.edu/biomed/genedoc). Gene specific primers (5' ccatcgctttgtcattttcc and 5' tctcgaagaagttggtcttgc) were designed from these conserved regions using the free net based Primer3 program (32) .
The gene fragment of RNRR2 was obtained with PCR using the Platinum Taq Polymerase Kit (Invitrogen). The success of the PCR reaction was examined on a 1% EtBragarose gel, before ligated into pGEM ® -T Easy Vector System I (Promega, Madison, WI, USA). Plasmids were then incorporated into electro-competent E.coli Software Version 3.5. The latter program was also used to analyzing melting point of products to assure specificity and purity of the PCR reactions.
Statistics
Statistical significance was tested with one-way ANOVA with Tukey´s post-test where P<0.05 was considered significant. Data were analyzed by using GraphPad InStat (GraphPad, San Diego, CA, USA).
Results
Gill morphology
The scanning micrographs revealed that after 7 days in anoxia, crucian carp gills were indistinguishable from normoxic gills (Fig. 1a-b) . Thus, ILCM remained intact during anoxia.
Cell proliferation in the gills
During anoxia exposure the fraction of S-phase cells stained with BrdU decreased significantly (P<0.0001) in ILCM, from 12.2±1.3% in normoxia to 5.0±0.9% after 7 days in anoxia (Fig. 2a) . After 7 days of reoxygenation there was a non-significant increase to 6.9±0.5%. Both in normoxia and anoxia, BrdU positive cells were only found in ILCM, confirming previous findings showing a low mitotic activity in other gill structures (34) .
The PCNA staining also indicated a reduced, but continued, mitotic activity. The number of G 0 -cells (PCNA negative) increased significantly (P<0.01) from 6.8±1.2% in normoxia to 11.1±0.5% after 7 days of anoxia (Fig. 2a) . There was no significant change in the number of G 0 -cells after 7 days of reoxygenation (11.5±0.3%). Like observed for BrdU positive cells, PCNA positive cells were only found in ILCM (Fig. 3c-d ).
Cell proliferation in the intestine
In intestine, the number of S-phase cells decreased significantly (P<0.01) from 8.1±0.7%
in normoxia to 1.8±0.3 after 7 days in anoxia. After reoxygentation the amount of S-phase cells had increased significantly to 10.2±2.3% (Fig. 2b) . BrdU positive cells were only found in intestinal crypts ( Fig. 3e-f ). PCNA staining indicated no significant change in number of G 0 -cells during anoxia (Fig. 2b) .
Cell proliferation in the liver
The amount of BrdU and PCNA positive cells remained constant at approximately 1% in liver throughout anoxia (Fig. 2c ).
RNRR2 characterization and regulation
A sequence alignment between RNRR2 from several species demonstrated a very high sequence identity (Fig. 4) . From the 3D structure of mouse RNRR2 and crucian carp sequence we could determine that all amino acids involved in coordinating the diironoxygen cluster, transporting electrons and surrounding the tyrosyl radical were conserved (Fig. 5) . Furthermore, amino acids suggested to influence accessibility of the diiron-oxygen cluster and the tyrosyl radical (16) was also found to be conserved between mouse and crucian carp (Fig. 4) .
The real-time PCR revealed no significant change in the amount of RNRR2 mRNA between normoxia and 7 days of anoxia (Fig. 6 ).
Discussion
The results show that anoxia induces a reduction of cell proliferation in ILCM and in intestinal crypts, two tissues with a relatively high proliferative activity. In liver, with a more moderate mitotic activity, no changes in the number of S-phase or G 0 -phase cells were detected. Most importantly, the results indicate that DNA synthesis continue after 7 days in anoxia. Surprisingly, amino acid residues in RNRR2, especially those surrounding the iron center, were identical in crucian carp and mouse. There was no change in the amount of RNRR2 mRNA after anoxia exposure. Finally, the gill morphology did not change in response to anoxia, in contrast to previous findings in hypoxia.
The reduction in number of S-phase cells mirrored the increase of G 0 -cells in ILCM (Fig.   2a ). In normoxia, the mitotic activity in ILCM was very high, whereas the number of cells in G 0 -phase was only 7%. During anoxia exposure the number of S-phase cells fell from 12% to approximately 5%. The drop in S-phase cells is approximately equal as previously found in hypoxia exposed crucian carp (34), indicating similar proliferative response situations. Still, ILCM remained intact after 7 days of anoxia, while a previous study showed 50% reduction after the same time period in hypoxia (34) . This indicate that anoxia, unlike hypoxia, does not induce apoptosis. The maintenance of a large ILCM in anoxia should help keeping osmoregulatory costs low. Because no oxygen is present, there
would not be any advantage of increasing the respiratory surface area.
Over the recent years it has become clear that PCNA not only functions as a DNA sliding clamp for replicative DNA polymerases, but also has a marked ability to interact with multiple partners involved in metabolic pathways, DNA repair and cell cycle regulation (18) . The results in the present paper show that about 90% of the cells in ILCM still had PCNA present after 7 days in anoxia (Fig. 2a, 3d) . This indicates that cell cycle slows down, but the cells remain prepared to proceed through mitosis when conditions improve.
This conclusion is supported by the concomitant sustained expression of RNRR2 (Fig. 6) .
However, the number of S-phase and G 0 -phase cells had not returned to pre-anoxic levels after 7 days of reoxygenation. This could indicate that there was no immediate need to replace ILCM cells after 7 days in anoxia. Indeed, no reduction in the ILCM was apparent at the end of the anoxic episode (Fig. 1b) .
There was a significant fall in the number of S-phase cells in intestine, which returned to normoxic levels during reoxygentation. This is in contrast to what was observed in gills.
This may indicate a need for new intestinal cells for getting the organ back into a fully functional state. In the crucian carp's natural habitat, the increase of water oxygen tension during spring, after a period of anoxia, is likely to trigger feeding behaviour, since they then have very low energy reserves (14) .
As previously mentioned, the oxygen dependent oxido-reductase activity of RNR is located on the R2 subunit. Previously, mammalian RNRR2 was only found to be expressed in the S-phase of cell cycle (1, 9) . However, as shown in Fig. 2a and Fig. 6 , the significant reduction of S-phase ILCM cells in anoxia was not correlated with a reduction of RNRR2 mRNA. Thus, not only does RNRR2 appear not to follow the number of S-phase cells, but its expression is maintained for 7 days in anoxia. This suggests either that a reduction of cell proliferation in anoxia does not necessarily affect expression of RNRR2 gene, or that there is, in conjunction with a reduction of cell cycle related RNRR2, an increased expression of p53 induced R2 (12, 39) , believed to be important in DNA damage repair.
However, RNRR2 protein degradation is dependent on transition into mitosis and the level of RNRR2 protein is not affected by DNA damage or replication block (3).
The partial sequence of crucian carp RNRR2 indicated no important differences in key amino acids between crucian carp and mouse RNRR2. This seems puzzling as mammalian RNRR2 is inactivated in anoxia (2, 4). We still found new S-phase cells after 7 days of anoxia exposure revealing RNR activity in anoxic crucian carp. The iron center of RNRR2
is essential for production and stabilization of the tyrosyl radical. If iron is lost, the radical is lost and must be regenerated through an oxygen demanding reaction. The amino acid configuration has been used to explain the low stability of the diiron-oxygen cluster and tyrosyl radical in mouse RNRR2 (16) . The sequence homology between crucian carp and mouse RNRR2 could suggest that the enzymes have similar properties regarding radical stability. The mouse RNRR2 radical is readily inactivated by radical scavengers and has a low stability (25) . However, since no structural or spectroscopic data are presently available for crucian carp RNR, no direct measurements of the radical stability in this species exists. In mammals, 60% of the iron is lost after 30 min at 37°C, and 30% is lost after 30 min at 0°C (24) . When extrapolated, the data suggests that virtually no iron is left in the R2 subunit after approximately 2 hours at 0°C. Thus, even at the relatively low temperature (10°C) in the present study, the iron centre is lost and no radical should be present-if crucian carp RNR function as mammalian RNR. Since we found no differences in key amino acids between mouse and crucian carp R2, it is possible that crucian carp has other means of ensuring radical stability and RNR activity. This could involve other parts of the enzyme or supporting cellular systems. However, we can not exclude that some of the differences seen in amino acids outside areas with known importance affect RNR function in anoxia.
There are two methodological considerations that must be discussed in the present paper.
First, could there be traces of oxygen in the water allowing crucian carp to regenerate the RNR radical? The oxygen electrode sensitivity is 0.1 % O 2 , and it is possible that water oxygen level was just below this detection limit. However, it has been shown that below 0.1% O 2 the radical is abolished in mammalian cell cultures exposed for 5 hours (2).
Second, when the fish is injected with BrdU, it is exposed to air for a few seconds.
Although crucian carp is not an air breather, the short contact with air could supply tissues with some oxygen that could reconstitute the RNR radical and promote some DNA synthesis. We find this unlikely since such a short and minute supply of oxygen would probably not produce radicals in more than a fraction of the RNRs. We did not find any change of cell proliferation in liver throughout the exposures or any incidences of weak staining indicating partial DNA synthesis. Summed up, it is unlikely that new S-phase cells are present in anoxia due to a small, undetectable, transient supply of oxygen. Amino acids holding the iron centre are highlighted in red. The radical is generated on Tyr177. Amino acids involved in transport of the radical to the active site on the R1 subunit are highlighted in blue, while amino acids involved in generating the entrance to and surrounding the radical site are highlighted in grey. 
